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ABSTRACT 
The effects of the first and second stages of tempering on 
microcracking in an Fe-l.22C alloy have been investigated. Samples 
were austenitized at 1093°C (2000°F) for 15 minutes and quenched in 
brine to produce a grain size of ASTM No. 3. Tempering of the samples 
was done at 180°C (356°F), 200°C (392°F), and 225°C (437°F) in a salt 
pot for times of 5 minutes to 70 hours. Microcrack severity, S , 
V 
measured as crack area per unit volume sample, and the volume percent 
retained austenite were detennined as a function of time at temperature. 
S decreased very rapidly during the first stage of tempering, 
.V 
before the transformation of retained austenite began. During the 
second stage of tempering, S decreases very slowly. Plastic deforma-v 
tion resulting from the tempering processes, indicated by surface 
relief and white-etching martensite, can account for the observed 
decreases in S • It is believed that the expansion of the'~" para-v 
meters as the tetragonality of the martensite was reduced could cause 
· the microcrack healing during the first stage, and the expansion of 
the retained austenite helped close the microcracks during the second 
stage. Eviden~e for ~-carbide and diffuse network formation during 
the first stage of tempering was noted by transmission electron micro-
scopy. The diffuse network is asslUiled to represent the location of 
carbon segregation within martensite strained as a result of the 
1 
crystallographic and volume changes that occur during tempering. The 
activation energy for the second stage of tempering was determined to 
be 27.5 kcal/mole, and the austenite transformed to upper bainitic 
and pearlitic morphologies of carbide and ferrite. Cementite formed 
within the martensite plates during the third stage of tempering. 
2 
INTRODUCTION 
A. Microcracking 
Certain applications, for example bearings and gears, in today's 
technology require high carbon steels. The martensite in high carbon 
steels, however, is sensitive to microcracking, and it is therefore 
imperative that this phenomenon be understood and controlled by indus-
trial heat-treating techniques. 
l Marder and Benscoter have shown that microcracks in high 
carbon steel result from the impingement of martensite plates. They 
also concluded that the tetragonality of the martensite makes the struc-
ture susceptible to microcracking since BCC Fe-Ni martensite shows 
2 little evidence of microcracking. Grange, on the other hand, insisted 
that microcracks are a surface phenomenon, and if they do exist in the 
interior of a specimen, tempering would not be able to heal them. In 
3 . 
a subsequent paper , Marder and Benscoter provided further proof that 
microcracks are indeed a consequence of the martensite transformation 
and that polishing of soft, tempered specimens tends to smear metal 
over the cracks, obscuring them completely, thus explaining the findings 
of Grange. Therefore, much care must be taken in preparing metallo-
graphic specimens of tempered samples containing microcracks. 
The effects of various parameters on the severity of micro-
cracking have been determined. It has been shown that microcracking 
"t' "t . 'th . . b t 4 ,S, 6 Th" · sensi ivi y increases wi increasing car on con ent. is is 
due to the transition from lath to plate martensite in the 0.6 to 1.0% 
carbon region7 and the increase in tetragonality of the martensite as 
3 
1 8 carbon in splution increases. ' The rate of quench and the amount 
of retained austenite present after quenching have been shown to have 
4 . 
no effect on microcracking. Microcrack severity does, however, have 
a direct relationship to the prior austenitic grain size and the resul-
, 4-6 9-11 . 9 tant martensite plate size. ' Although Jena and Reich indicated 
that coarse-grained samples contained larger microcracks than fine-
grained samples, they showed no correlation between microcrack severity 
and grain size. Marder, Benscoter, and Krauss4 indicated that increas-
ing grain size above ASTM/fo4 had no noticeable effect on microcracking. 
Davies and Magee5 agreed with Marder, Benscoter, and Krauss, and showed 
that microcrack severity does increase with increasing grain size from 
5 ~ to 200 µ in diameter. The inost comprehensive study of the effect 
11 of austenite grain size on microcracking was done by Brobst and Krauss 
in which it was shown that refinement of grain size from ASTM ~o. 3.5 
to 9.0 in an Fe-l.22C alloy is an effective means of reducing micro-
cracks. They also identified two types of microcracks, intragranular, 
resulting from the impingement of one martensite plate with another, 
and intergranular, resulting from the impingement of martensite plates 
at prior austenite grain boundaries. 
. 2 3 12 Another means of reducing microcracking is by ,tempering.·' ' 
12 Marder and Benscoter have recently presented evidence that tempering 
between 400°F (204°C) and 1300°F (704°C) is an effective means of 
decreasing microcracking. They produced a curve of microcrack severity 
versus tempering temperature composed of three regions. In the first 
region, extending up to 400°F (204°C), a sharp decrease in the number 
of microcracks is noted. Little or no change in the number of micro-
4 
cracks occurs in the second region between 400°F (204°C) and 1000°F 
(538°C), while another sharp decrease is shown in the third region, 
extending from 1000°F (538°C) to 1300°F (704°C). Marder and Benscoter 
explained the sharp decrease in the first region as a stress-relief 
type phenomenon, and presented SEM micrographs indicating bridging of 
the microcracks by carbides in the·second and third regions. 
B. Tempering 
Tempering, defined as the heating of a hardened steel below 
the eutectoid temperature, is usually divided into three stages accor-
ding to the reactions that occur. 13 The first stage of tempering 
occurs at temperatures below 400°F (204°C) and consists of the preci-
pitation of a transition precipitate. During this precipitation pro-
cess, carbon is rejected from the martensite lattice which contracts 
8 13-15 in volume and becomes less tetragonal. ' At temperatures between 
400°F (204°C) and 600°F (316°C) the second stage of tempering results 
in the transformation of retained austenite into bainite13 , 16• 19 with 
. 13-15 . an accompanying increase 1n volume. The third stage of tempering, 
above 400°F (204°C), results in the conversion of the transition pre-
i . t . . 13, 14 , 16-19 Th. l c pi ate into cement1te. 1s process occurs concurrent y 
with the second stage, and is accompanied by a decrease in volume. 13 
The transition precipitate formed during the first stage of 
tempering was identified by Jack20 as a close-packed hexagonal iron 
carbide. He named this carbide "c-iron carbide" because of its struc-
tural similarity to c-iron nitride. Transmission electron microscopic 
studies by Wells21 , Barton22 , and Tekin and Kelly23 in Fe-Ni-C and by 
5 
Murphy and Whiteman24 in Fe-C, Fe-Ni-C, and Fe-Si-C alloys present 
further evidence for c•carbide precipitation during the first stage. 
Roberts, Averbach, and Cohen19 showed· that martensite rejects carbon 
during the first stage and results in a low carbon martensite (0.25%C) 
and the precipitation of epsilon carbide with the composition Fe2•4c. 
16 Lement, Averbach, and Cohen observed the precipitation of a network 
of epsilon carbide along martensitic sub-boundaries in steels con-
taining more than 0.25% carbon, and Jackson and Krauss25 identified 
nodular carbide precipitates along dislocations in martensite as epsilon 
carbide. Recently, Hirotsu and Nagakura26 have presented evidence for 
a different carbide that forms during the first stage of tempering. 
This carbide, named 71-carbide, is orthorhombic and has lattice parameters 
of a=4.704A, b=4.318A, and c=2.830A. with the composition of Fe2c. 
During the second stage, the retained austenite transforms to 
bainite composed of ferrite and epsilon carbide. 17 However, below 100°C 
(212 oF) . f . d b . . 27 ,28 , austenite may trans orm to martensite an not ainite. 
The activation energy for the austenite to bainite reaction has been 
determined as a function of carbon content by Roberts, Averbach, and 
19 Cohen , and agrees quite well with the activation energies determined 
for diffusion of carbon in austenite. 29 The agreement of the activation 
energies for both carbon diffusion in austenite and the transformation 
of austenite to bainite indicate that the decomposition of austenite 
is controlled by the diffusion of carbon in austenite. 
In the third stage of tempering, epsilon and/or 71-carbide dis-
solves in favor of the formation of cementite, and the low-carbon mar-
tensite becomes cubic ferrite due to the further loss of carbon.13,14,16•20 
6 
16 Lement, Averbach and Cohen made a correlation between the precipi-
tation of cementite films along martensite plates and "500°F embrittle-
ment". They also noted the formation of globules and platelets of 
cementite within the martensite plates. On further tempering, the 
cementite grows in size and becomes spheroidal in shape until a struc-
ture consisting of only cubic ferrite and spheroidized cementite is 
obtained. 
C. Purpose . 
The purpose of this investigation was to examine the effects 
of the first and second stages of tempering on microcracking in an 
Fe•l.22C alloy, and to explain these effects in light of the processes 
known to occur during tempering. 
7 
EX PER !MENTAL PROCEDURE 
The alloy used in this investigation was a high-purity iron-
carbon alloy of 1.22 wt% carbon, produced by vacuum induction melting 
of pure electrolytic iron and graphite and teeming into a 300 lb. ingot. 
The ingot was then soaked at a maximum temperature of 1149°C (2100°F) 
for 1 hour and rolled t~ 3/4" plate with a minimum finishing tempera-
ture of 982°C (1800°F). The chemical analysis of the alloy is given 
in Table I. 
Metallographic specimens 3/4" x 3/4" x 1/8" were cut from the 
.. 
plate, and both sides of the coupons were surface ground to obtain a 
final thickness of 0.10". This thickness eliminated quench cracking 
and traces of pearlite that developed when thicker specimens were 
quenched. The coupons were then austenitized at 1093°C (2000°F) for 
15 minutes in a vertical tube furnace of l" ID and 20" in length. The 
samples were suspended in the middle of the furnace on a fine nichrome 
wire. This wire was broken at the proper time by passing a high elec-
tric current through it. The sample then dropped out of the furnace 
and into a quench bath in less than 0.4 seconds. A protective atmos-
phere of Ultra High Purity Argon was maintained at a positive pressure 
of 0.12 psi at a flow rate of 4 CFH. The vertical furnace was also 
helpful here since Argon is heavier than air and displaced all the air 
from the furnace tube. The quench bath of 2 liters of 5% brine solu-
tion was maintained at 20± 1°C (68±2°F) and was vigorously agitated 
with a magnetic stirrer to insure proper quenching of the specimens. 
When a more severe quench was used, extensive quench-cracking occurred 
8 
C 
1.22 
Mn p 
< 0.01 < 0.002 
s 
0.003 
Si· 
< 0.01 
TABLE I 
Chemical Analysis (wt%) 
Cr Mo Cu Ni 
0.02 < 0.01 < 0.002 <0.001 
V Al 
<0.002 <0.005 
Sn 
< 0.002 
Ti 
0.001 · 
causing the samples to crumble. Subsequent tempering of the specimens 
was carried out in a low temperature salt bath which was capable of 
holding constant temperature to within ± l/2°C. This tempering treat-
ment was followed by a water quench to a temperature of 25 ± 1 °C 
(77 ± 2°F). 
The samples were cold mounted in Buehler's plastic mounting 
material to minimize any heating of the samples which would have 
occurred if mounted in bakelite. The maximum temperature reached in 
the plastic mount was 35°C (95°F) whereas bakelite cures at about 150°C 
(302°F). Each sample was then ground on a 150-X wet belt to remove 
0.025" of the surface to insure that all data taken from the sample 
would not include any surface effects. Rough polishing of the samples 
was carried out through the 600 grit wet papers. Polishing to reveal 
microcracks included polishing with 6 and 1 micron diamond on nylon 
and a final light polish with 0.06 micron alumina on Buehler's Micro-
cloth. Each polishing step was followed by a 3 - 5 sec. etch in 2% 
nital to remove flowed metal and a 15 minute ultrasonic cleaning in 
ethanol to eliminate foreign particle buildup. 
Microcrack severity was determined by a lineal intercept tech-
nique in which the microcrack area per unit volume is defined as 
S =2N1 where S is the microcrack area per unit volume of the speci-v. V 
men in mm2/mm3 and N1 is the number of intersections with cracks per 
unit length of traverse. Note that S was not normalized as in other V 
i . . 4-6, 10, 11 . k . l . nvestigations to give crac area per unit vo ume martensite. 
A total of 10 random traverses were made on a sample, each 0.1" in 
length. The counts were made at lOOOX on a Balphot II metallograph. 
10 
Grain size was determined through the use of a special etching 
30 
· technique in which the sample was placed in a boiling solution of 
25 g NaOH, 2 g picric acid, and 100 ml ~O for 15 min followed by a 
5 - 10 sec etch in 1% nital. A lineal intercf(!pt method was again used 
at 500le, resulting in a grain size of ASTM No. 3. This procedure not 
only reveals the grain boundaries to make grain size determination 
possible, but it also allows one to differentiate between intergranular 
11 and intragranular microcracks as shown by Brobst and Krauss • Unfor-
tunately, this procedure only works on as-quenched structures so it 
. was not possible to differentiate between the two types of microcracks 
in the tempered conditio.n. All S data reported in this paper repre-v 
sents the total of both intergranular and intragranular microcracks 
present in the sample. 
The volmne percent austenite present in the samples was deter-
mined by an X-ray technique31 which compares the average integrated 
intensities of the (311) and (220) austenite peaks with the (211) mar-
tensite peak. The volume percent austenite is then determined by the 
following equation: 
where: VA = volmne percent austenite 
R = a constant 
IA = the average integrated intensities of the (311) and 
(220) austenite peaks 
\i · = the integrated intensity of the (211) martensite peak. 
11 
Miller31 suggested using a factor of R = 1.40 in the equation, but more 
recent work32 indicates that a factor of R =1.35 would be more consis-
tent with the experimentally determined R values presented in Table II. 
A Siemens Type F diffractometer with a Mo target and a Zr 
filter operating at a tube voltage of 40 Kv and a current of 18 ma was 
used in the X-ray work. The X-ray traces were made at a scanning 
speed of 1/4° per min with a beam aperture of 1° divergence and a 
detector aperture.of 1.0 nnn. Figure 1 shows a typical X-ray scan for 
a sample containing 15.7% retained austenite. 
There was some preferred orientation as evidenced by the dif-
ferences in size of the (311) and (220) austenite peaks. The large 
grain size of the specimens may have caused some of the preferred 
orientation. Miller36 , however, proposed simultaneous tilting and 
rotation of the specimen in the path of the beam to eliminate texture 
problems and to improve the accuracy of the X-ray technique. He tilted 
the sample at a rate of 30 cycles per min with a maximum tilting angle 
of ±56°, and rotated the sample at 35 revolutions per minute. Although 
greater accuracy was obtained, he felt that his minimum detectable 
limit rose from 2 to 5 volume percent austenite when the sample was 
tilted. In this study,\however, to maintain both good accuracy and 
keep a minimum detectable limit of less than 2% retained austenite, 
the sample was rotated at a rate of 34 revolutions per minute and 
tilted ±1° at a rate of 48 cycles per minute. Table III gives a 
comparison of X-ray results and point-count data from this investiga-
tion to give an idea of the accuracy of the technique. Error limits 
for the point-count data were determined through the use of standard 
12 
TABLE II 
R Factors for Various Alloys 
Alloy Factor Reference 
Fe-20 Ni 1.36 32 
Fe-30 Ni 1.36 32 
18-8 stainless steel 1.34 32 
12Cr-0.7C steel 1.35 32 
1% C steel 1.32 33 
1%C steel 1.32 33 
1%C steel 1.39 34 
18W-4Cr-l V steel 1.32 35 
Ni-Cr-Mo-v stee.l 1.34 35 
16Ni-0.35C steel 1.35 35 
13 
TABLE III 
Correlation of X•Ray Method 
With Quantitative Metallography 
Volume% Austenite Volume% Austenite 
(X-Ray Method) (Point Count) 
14.1 13.2 :I: 2.3 
13.6 13.6 :I: 2.0 
13.7 13.6 :I: 2.3 
21.6 18.9 :1: 2.3 
19.8 20.3 :I: 2.5 
23.6 23.3 :I: 2.6 
17 .o 18.1 :1: 2.8 
14 
statistical techniques and incorporate a 99% confidence interval. This 
data suggests an X-ray accuracy of ± 1.0 volume percent austenite 
when compared with the quantitative metallographic data. Averbach and 
37 38 Cohen and Lindgren also quote accuracies of ± 1.0 volwne percent 
or less in X•ray measurements of retained austenite done in a similar 
manner to that used in this investigation. In addition to the data 
presented in Table III, it was noticed that X-ray scans repeated on 
the same sample produced results that usually agreed to within 0,1 or 
0.2 volume percent austenite. It is felt that assuming an accuracy 
of ± 1 volume percent austenite is indeed justifiable and will be used 
throughout the rest of this paper. 
Surface relief on tempered specimens was produced for examina-
tion by placing pre-polished, as-quenched coupons in a protective 
salt b'ath for the desired length of time at each temperature. The 
samples were then quenched to 25 ± 1 °C (71°F) as were all other tem-
pered .samples. The coupons were thoroughly washed in water and rinsed 
with ethanol to remove all traces of salt. ExamiI).ation of these sur-
faces was done on a Zeiss phase-contrast microscope and an ETEC scan-
ning electron microscope. In order to examine formation of this 
relief, polished, and polished and etched samples were tempered on a 
Kofler Micro Hot Stage used in conjunction with the Zeiss phase con-
trast microscope. Photomicrographs were taken at regular time inter-
vals to accurately record formation of the surface relief. 
Thin foils for transmission electron microscopy were made by 
grinding the metallographic specimens equally from both sides to 
obtain a final thickness of 0.020". Discs of 0.125" diameter were 
15 
then cut from these thin wafers with a Servomet EDM. The discs were 
placed in 1/8" diameter holes in a piece of 0.003" thick shim stock 
which was attached to the top of a 1.5" diameter steel cylinder with 
double-stick carpet tape, and subsequently polished to a thickness of 
0.003". This technique promoted more parallel surfaces, and allowed 
faster preparation of many discs. Each disc was then dimpled in a 
special teflon holder39 in a jet-thinning apparatus with an electrolyte 
of 798 ml acetic acid, 15o'g Cr03 , and 42 ml ~O at 24 volts. Final 
thinning of the dimpled disc was done in the same electrolyte under 
identical conditions until a single pinhole broke through the center. 
This method usually took about 15 to 25 minutes to polish a thin- foil 
making it relatively easy to observe the formation of the first pin-
hole. The foils were then rinsed in acetic acid, followed by a water 
rinse, and stored in ethanol until needed. 
Many of the best thin foils, however, were obtained using 
another technique at the Homer Research Laboratories of the Bethlehem 
Steel Corporation. After grindin$ to 0.003" thickness, the edges of 
the discs were lacquered and the disc was electropolished in a solu-
tion of 10 parts acetic acid and 1 part perchloric acid in a jet-
thinning apparatus operating at 21 volts and 160 ma. The solution 
temperature was maintained between 10 and 15°C (50 to 59°F) to produce 
well polished foils. Polishing was very fast in this solution and the 
first pinhole broke through in about 2 minutes. A fiber optic system 
was employed to illuminate the foil in the acid bath and to sense the 
light transmitted through the first pinhole. A photocell, amplifer, 
and relay were used to shut off the polishing current as soon as a 
16 
preset intensity of light was detected. The foils were immediately 
rinsed in water and stored in ethanol until needed. 
The latter technique not only produced better quality foils 
with more thin areas, but also produced some foils that exhibited 
microcracks with. thin area surrounding them so that microcracks could 
be studied on the electron microscope. The first technique utilizing 
chrome-acetic acid often produced a "Swiss-cheese" structure of 
microcracks with very thick, sharp edges and very little thin area, 
especially in foils with a high S • The difference in the two techni-v 
ques is attributable to the faster, more uniform attack of the 
perchloric-acetic electrolyte and the ability to perceive the first 
pinhole in a. foil through the use of fiber optics. 
Transmission electron microscopy and electron diffraction were 
performed on a Philips EM300 electron microscope at lOOkv. The camera 
factor was determined seperately for each diffraction pattern with 
an internal standard such as a set of austenite or martensite spots 
known to be in the specimen. This camera constant was then compared 
with one obtained from an aluminum standard examined under the same 
diffraction conditions. Once the camera constant was precisely 
determined for each pattern, the carbide spots were accurately indexed·. 
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RESULTS AND DISCUSSION 
A. Microcracking and Retained Austenite Transformation 
The Fe-l.22C samples austenitized at 1093°C (2000°F) produced 
the microstructure shown in Figure 2a. Plate martensite40 and 18.7 
volume percent retained austenite are present in a prior austenite 
grain size of ASTM No. 3. The retained austenite level agrees well 
with the results obtained by others 6,ll,l9 in the same alloy. 
Brobst11 found a level of 16 volume percent retained austenite in the 
· 19 same alloy, and Roberts et al. found 19.9 volume percent retained 
austenite in an Fe-l.16C alloy. The microcracks in ~he as-quenched 
structure in Figure 2b correspond to a total S of 11.3±1.9 square V 
millimeters of cracks per cubic millimeter of sample. If this value 
of S is normalized to a 100 percent martensitic structure, the result V 
-1 is an S of 14.2±2.0 nun , a value that compares very well to the V 
6 11 results of Mendiratta, Sasser, and Krauss , and Brobst and Krauss . 
for this alloy and grain size as shown in Table IV. The definition 
of microcrack sensitivity was changed in this investigation because 
physical and mechanical properties of microcracked structures measured 
in future work would relate more closely to crack area per unit volume 
sample than to crack area per unit volume martensite. The values of 
S in Table IV are therefore represented as crack area per unit volume V 
martensite for comparison purposes only. 
Figure 3 shows that S drops off quite rapidly in the initial V 
stage of tempering and decreases more slowly in the latter stages. 
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TABLE rl 
COMPARISON OF MICROCRACK DATA* OF AS-QUENCHED 
Fe-1.22C ALLOY WITH GRAIN SIZE OF ASTM NO. 3 
This Investigation Mendiratta 6 
Intragranular 12.6 ±. 1. 9 13.0± 4.0 
(mm·l) 
s 
V 
Total 14.2 ± 2.0 
---(mm·l) 
Brobst 11 
12 .o ± 2 .o 
13 .o ± 2 .o 
* Note: S represented as crack area per unit volume martensite. V 
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12 Marder and Benscoter discuss similar decreases in microcracking 
with tempering in a recent paper, and present evidence for a mecha-
nism of microcrack healing by the formation of cementite bridges 
which weld the cracks shut in the later stages of tempering. Figure 
4 is a series which shows the reduction in the number of microcracks 
in the early stages of tempering. Figures 4b and care from differ-
ent specimens polished perfectly flat prior to tempering in salt for 
times of 5 and 30 minutes respectively at 200°C (392°F). 
The results of the X-ray scans for retained austenite deter-
mination are presented in Figure 5. It is apparent that the trans-
formation of retained austenite went to completion at all three 
tempering temperatures·studied, and that a plateau is formed due to 
the transformation of a small amount of retained austenite very early 
in the tempering process. Data taken from Figure 5 was replotted in 
Figure 6 to allow the calculation of the activation energy for the 
transformation of retained austenite in the lin~ar portion of the 
curves. This resulted in a value of Q of 27.5 kcal/mole which 
agrees closely to that determined for second stage tempering by 
Roberts, Averbach, and Cohen19 as well as the activation energy for 
carbon diffusion in austenite determined ~y Wells, Batz, and Meh129 
as shown in Figure 7. This evidence confirms that second stage 
tempering develops primarily by the diffusion of carbon in austenite, 
and that some other mechanism is perhaps responsible for the plateau 
formed early in the transformation of retained austenite. Martensite 
may form here on cooling the samples after tempering as discussed by 
20 
Cohen28 and/or form as a result of plastic or elastic flow of the 
28 retained austenite which accompanies the dimensional changes in the 
martensite during the first stage. 
B. Differential Etching and Surface Relief 
While preparing tempered samples for S and retained austenite V 
determination, it was noted that some plates of martensite etched 
dark while others remained white as shown in Figure 8. Figure Sa 
shows an example in the first stage of tempering, and Figure Sb 
41 an example in the later stages. D. V. Wilson showed a similar 
behavior in the etching of deformed and undeformed martensites, with 
the deformed martensite etching white while the undeformed martensite 
etched dark. It was his conclusion that the precipitation of epsilon 
carbide was responsible for dark etching martensite, and that deforma-
tion of the martensite suppressed epsilon carbide precipitation thus 
causing deformed martensite to remain white. MacDonald42 and Miller 
and Breyer43 have used Wilson's concepts in their work. 
I 
In order to study this further, part of D. V. Wilson's 
classic experiment was repeated.41 An as-quenched sample was metal-
lographically polished and deformed locally with a Rockwell Brale 
indentor and a 150 kg load. This was followed by a 200°C (392°F) 
temper for 1 hour, and a water quench to 25 ± 1 °C (77 ± 2°F). The 
sample was then etched in 2% Nital and examined. The results shown 
in Figure 9 confirm that the martensite deformed by the hardness 
indentation did indeed etch white while the undeformed martensite 
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far from the hardness indentation etched dark. There are some 
scattered white plates far from the hardness indentation identical to 
those observed on other tempered samples. The surface of this sample 
was examined more closely with the SEM. Figure 10a shows the rela-
tively smooth appearance of a martensite plate lying in the white-
etching area of Figure 9, while Figure 10b shows the rougher surface 
texture of a martensite plate lying in the dark-etching area of Figure 
9. The two micrographs appear to show a surface texture difference 
between light and dark-etching martensite, but there are still ques-
tions concerning the white-etching plates scattered throughout the 
undeformed tempered microstructure. 
It was also noted that surface relief formed on tempering. 
In order to study the general morphology of this relief, samples were 
mirror polished and tempered to produce relief. Figure 11 shows two 
light micrographs taken of a sample tempered for 30 minutes at 200°C 
(392°F). ~hen compared to the as-quenched structure of Figure 2, it 
is obvious that this sort of relief is much too large to have formed 
in the available retained austenite patches. Instead, the relief 
assumes the morphology of the larger plates of martensite and indi-
cates that significant plastic deformation of the martensite has 
occurred. However, not all large plates exhibit relief, just as all 
large plates do not necessarily etch white. This type of plastic 
deformation could help to explain the rapid healing of microcracks 
which occurs within the first 10 minutes of tempering as shown in 
Figure 3. In an effort to explain these large surface relief features, 
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another as-quenched sample was polished and etched lightly to bring 
out the martensite structure before tempering to produce the surface 
relief. Figure 12b shows that one of the larger, sharp peaks pre• 
sent in the center of Figure 12a is made up of a number of plates 
extending out from what appears to be an annealing twin boundary. 
Frequently plates that form an obtuse angle with respect to each 
other etch white as can be seen in Figure Ba. These chevron-shaped 
pairs of plates are characteristic of the martensite that forms in 
Fe•l.l to l.3C martensite with a (225) habit. 44 Hence certain confi· 
gurations of plates, perhaps subjected to different elastic con.-
straints, may explain the light and dark etching behavior of differ-
ent plates in the microstructure. 
The observation of white and dark etching regions may offer 
. 19 an explanation for the results of Roberts, Averbach, and Cohen • 
They observed the presence of both low and high-carbon martensites 
in the same sample. In our observations, the white-etching plates 
might represent the high-carbon martensite where the carbon remains 
in solution at vacancies or dislocations, and.the dark-etching regions 
represent low-carbon martensite with epsilon and/or~-carbide precipi-
tates. Examples of these two structures will be presented in the 
section on transmission electron microscopy. 
The purpose of the next experiment was to determine the 
nature of the surface relief that formed in the later stages of tem-
pering, i.e. in the time period of from 1 to 5 hours at temperature. 
To do this, the sample shown in Figure 11 was repolished to a mirror 
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·smooth surface and tempered for an additional 4\ hours at 200°C 
(392°F) followed by a water quench to 25 ± 1 °C (77 ± 2°F). The resul-
ting structure, Figure 13 exhibits surface relief of a completely 
different nature. This relief is very small, of the size of the 
retained austenite patches, and was most likely formed through the 
processes involved in the transformation of the retained austenite. 
Tilting type surface relief associated with the martensite plates is 
not visible. 
It is now evident that two types of s~rface relief are formed; 
the type shown in Figure 11 which is associated with first-stage tem-
pering of rnartensite, and the type shown in Figure 13 which is asso-
ciated with second-stage tempering, or the decomposition of retained 
austenite. It is still not clear, however, as to when this relief 
actually forms; whether it be on heating, on isothermal hold, or on 
quenching. To solve this problem, a sample was ·alternately polished 
and lightly etched to bring out the martensite structure, and tem-
pered on a Kofler Micro Hot Stage. The sample wa.s continuously 
examined during tempering with a Zeiss phase-contrast microscope, 
and the temperature was monitored constantly by a thermocouple which 
was previously spot welded to the sample. The photomicrographs taken 
during this tempering process are presented in Figure 14. It is evi-
dent that the surface relief forms progressively through a, b, and c, 
and that no increase in relief is noted after quenching as shown in 
d. This indicates that plastic deformation of the rnartensite is 
occuring during the first stage of tempering, but not during the final 
quench to room temperature. 
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C. Transmission Electron Microscopy 
Figure 15 shows the general plate martensite morphology with 
small retained austenite patches in a sample.of the Fe-l.22C marten-
site tempered for 30 minutes at 200°C (392°F). A very uniform, homo-
geneous distribution of fine structure is also present in the marten-
site plates. 
It is quite fortunate that the technique employed to make 
thin foils promoted very uniform polishing, since large thin areas 
containing microcracks were produced as shown in Figure 16. These 
cracks apparently formed at the point of impingement of large marten-
site plates. Figure 17a shows a microcrack which appears to lie at 
the intersection of a martensite plate and a prior austenite grain 
boundary~ The grain boundary ·also seems to be reinforced on one side 
by a large martensite plate lying parallel to and against the boun-
dary. This helps to explain the formation of grain boundary micro-
cracks noted by Brobst and Krauss. 11 Shown in Figure 17b is the 
impingement of two large martensite plates that have not resulted in 
the formation of a microcrack. Some residual stress is indicated 
by the dark contrast at the point of impingement. Apparently the 
microstresses generated on impact were not sufficient to cause 
cracking, or some growth of the larger plate around the smaller may 
have occurred after impact. 
Although it is generally thought that only plate martensite 
is formed at the l.22%C level7, lath type martensite was discovered 
in a few remote patches. Figures 18 and 19 show some examples of 
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both lath and plate martensite in a sample tempered for 5 hours at 
225°C (437°F). This discrepancy with the findings of Marder and 
7 Krauss might be due to their use of the light microscope to determine 
the carbon limits for the production of lath and plate martensite. 
Another explanation could be carbon segregation within the samples 
used in this investigation prior to quenching. According to Marder 
and Krauss, austenite containing l.0%C would be at the upper limit of 
the range for the formation of both lath and plate martensite. There-
fore, lath martensite could have formed if segregation produced an 
area of l.0%C or less. 
The three stages of tempering were also identified with the 
45 electron microscope. Oka and Wayman have shown that as-quenched 
Fe-l.28%C martensite is free of precipitates, but contains twins, 
planar defects, and complex dislocation arrays. Since no as-quenched 
structures were examined in this investigation, their .findings will 
be used as a basls for discussing changes in the tempered structures. 
On tempering for 30 minutes at 200°C (392°F), the structure 
in Figure 20, characteristic of first-stage tempering, results. This 
structure is made up of martensite with very fine features in dark 
contrast and large dark areas, possibly retained austenite. An 
example of the fine structure produced by the first stage of tempering 
is shown in Figure 21~ An interconnected network of gray contrast 
divides the matrix into a cellular pattern. The gray areas form dif-
fuse boundaries with the matrix, and for this reason may represent the 
segregation of carbon, rather than a well-developed ~-carbide precipi-
tate structure. This diffuse structure may cause the white-etching 
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behavior of some martensite plates. A very fine dislocation struc-
ture is also visible in Figure 21b. Tempering for a longer time, 2 
hours at 200°C (392°F), produced a well-developed carbide structure, 
Figure 22a and b, of which the carbides of the latter were identified 
as ~-carbide in the electron diffraction pattern presented in Figure 
23. 
Evidence for the beginning of second-stage tempering is pre-
sented in Figure 24. The arrow points to what appears to be a fine 
carbide morphology different from that of the major part of the 
martensite plate. Other evidence for the form of the retained auste-
nite transformation product is presented in Figure 25, taken from a 
specimen tempered for 15 hours at 200°C (392°F). X-ray results, 
Figure 5, show that the retained austenite is completely transformed 
at this point. Asswning that the triangular shaped area in the center 
of Figure 25 was once retained austenite, it appears to have trans-
formed to a pearlitic type structure consisting of fine lamellae of 
cementite and ferrite identified as such in the ~lectron diffraction 
pattern taken from this area (Figure 26). A third type of transfor-
mation product formed by the decomposition of retained austenite is 
presented in Figure 27a. This structure appears to be upper bainite 
as evidenced by the twin related ferrite lath shown by precision dark 
field of the (Oll)a spot in Figure 27b. The associated electron dif-
fraction pattern is presented in Figure 28 along with the appropriate 
indexing. 
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Well developed cementite appeared within martensite plates 
tempered at 225°C (437°F) for 5 hours as shown in Figure 29. A trans-
mission electron micrograph of this type of structure is presented in 
Figure 30a at a higher magnification. The dark field microstructure 
of cementite shown in Figure 30b was obtained by precision dark field 
illumination from the (2iO) cementite spot as indexed from the asso-
ciated electron diffraction pattern in Figure 31. In addition to the 
larger platelets of cementite, very fine particles within the regions 
of diffuse gray contrast are illuminated as shown in Figure JOb. The 
development of this cementite structure is consistent with the begin-
ning of the third stage of tempering. 
D. HYJ>othesis for Healing of Microcracks 
The healing of microcracks on tempering occurs in three stages 
which are directly related to the three stages of tempering. The 
first stage of healing is associated with the loss of tetragonality 
of the martensite, the precipitation of epsilon or ~-carbide, and 
the resultant overall volume decrease associated ·with first stage 
tempering. Second-stage microcrack healing takes place because of 
the volume expansion that occurs with the transformation of retained 
austenite during the second stage of tempering. Healing of ~icro-
cracks during the third stage of tempering occurs through the diffu-
sion controlled process of "cementite bridging" which welds the 
cracks shut as shown by Marder and Benscoter. 12 The hypothesis pre-
sented here for the healing of microcracks will be concerned mainly 
with the processes which take place during the first two stages of 
28 
tempering, since the third stage mechanism has been convincingly 
12 demonstrated. 
The first stage of microcrack healing results in a very rapid 
decrease in S as shown in Figure 32. Marder and Benscoter12 noted V 
a similar occurrence on tempering at 400°F (204°C), but they attri-
buted the healing of these microcracks to a reduction of the highly 
stressed areas that would have formed cracks. This explanation is 
quite improbable since the activation energy for strain relief is 
58.5 kcal/mole14, requiring considerably higher temperatures or 
longer times to achieve microcrack ·healing by strain relief. Werner, 
Averbach, and Cohen14 have also indicated that internal strains in 
iron carbon alloys of from 0.63 to 1.43%C are not effectively relieved 
until tempered for 1 hour at temperatures of 600 to 800°F (316 to 
427°C), and that these strains actually increase during first-stage 
tempering. According to this evidence, microcracking due to surface 
residual stress effects should remain constant or increase somewhat 
during the first stage of tempering. It is because of this discre-
pancy that another mechanism must be responsible for healing of the 
microcracks. This mechanism involves the tetragonality change of the 
martensite and the overall decrease in volume of the martensite that 
occurs during first-stage tempering. These changes cause plastic 
deformation of the martensite as indicated by the surface relief pre-
sented in Figures 4, 11, 12, and 14, and the white-etching marten-
site presented in Figures 8, 9, and 10. This plastic deformation 
pushes the two surfaces of the crack together in certain crystallo-
graphic directions which then bond because of the internal 
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metallurgically clean surfaces. The expansion of the martensite lat-
tice in the "a" directions could account for the flow that heals the 
microcracks. 
Although the majority of the microcracks heal before trans-
formation of the retained austenite beg~ns, as shown in Figure 33, 
there is a gradual decrease in microcrack sensitivity with time as 
shown in Figure 32 or with percent retained austenite transformed 
(Figure 33). This healing is occuring in conjunction with retained 
austenite transformation that exhibits an activation energy of 27.5 
kcal/mole which is also the activation energy of carbon diffusion 
in austenite (see Figure 7). This would indicate that strain relief 
is also not acting here since the activation energy for strain relief 
is 58.5 'kcal/mole or approximately equivalent to the self-diffusion 
coefficient for a-iron of 59.8 kcal/mole. 14 The conclusion that is 
drawn from this is that microcracks heal as a direct result of the 
transformation of the retained austenite which involves an increase 
in volume. This volume increase is sufficient to force cracks along 
h d f . 1 5 d · b d · 11 1 tee ges o martensite pates an grain oun aries to c ose. 
The additive effect of the volume increases associated with many 
small patches of retained austenite might also help to push cracked 
martensite plates together and prevent these cracks from reopening. 
As a result of the preceding discussion, the theories of 
microcrack healing which involve strain relief are discounted, except 
possibly in the third stage of tempering where times and temperatures 
are high enough to promote such a mechanism. 14 Microcrack healing is 
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therefore directly related to the tempering processes and can be con-
trolled through utilization of the changes that occur in each of the 
three stages of tempering. 
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CONCLUSIONS 
1. S decreases rapidly during the first stage of tempering, and V 
more slowly during the second stage. A major drop in S from 
V 
11.3 to 4.0 nnn-l occurs before any amollllt of retained austenite 
transfonns. 
2. White and dark-etching martensite appears on etching tempered 
samples with nital. The dark-etching martensite appeared 
rougher than the white when viewed in the scanning electron 
microscope. 
3. Two types of surface relief fonned during tempering. In the 
first stage of tempering, large tilting upheavals of both marten-
site and austenite occurred, and in the second stage, small 
bulges formed as a result of the transformation of the retained 
austenite. 
4. The white etching martensite and the surface relief are evidence 
for plastic deformation that can account for the reduction in 
the number of microcracks during the first stage of tempering. 
5. The gradual decrease in S during the second stage of tempering V 
is believed to be caused by the volume increase which accompanies 
the transformation of the retained austenite. 
- 6. Transmission electron microscopy showed that the first stage of 
tempering produced martensite with either a fine, well-developed 
~-carbide structure, or a diffuse network where presumably car-
bon remained in solution at imperfections. 
32 
7. During the second stage of tempering, the retained austenite 
transformed with an activation energy of 27.5 kcal/mole, in 
good agreement with values reported in the literature. 
8. The retained·austenite·transformed to a lamellar structure of 
carbides and ferrite. Evidence for both upper bainite and 
pearlite was found. 
9. The transformation of a small amount of retained austenite pro-
duced a plateau in the transformation curve after about 10 
minutes at temperature. This plateau could indicate transforma-
tion to martensite in contrast to a ferrite-carbide aggregate. 
10. In the third stage of tempering, cementite formed along twin 
boundaries and within the diffuse network in the martensite. 
' 
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Figure 1 - X-ray scan of sample containing 15.7 volume percent retained austenite. 
(311) Y 
38 
(b) 
Figure 2 - (a) As-quenched structure containing plate martensite and 
18.7% retained austenite. 2% nital etch. 532X. 
(b) Microcracks in as-quenched structure. 
mm-1, 532X. 
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Figure 3 - The effect of tempering on microcrack healing. 
(b) 
Figure 4 - Microcrack healing on surface relief specimens tempered 
at 200°c (392°F). 274X. 
(a) As-quenched. Sv = 11.3 ± 1.9 nnn-1. 
(b) Tempered 5 minutes. Sv=4.7±1.0 mm-1. 
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(c) 
Figure 4 - Microcrack healing on surface relief specimens tempered 
at 200°c (392°F). 274X. 
(c) Tempered 30 minutes. Sv = 3. 0 ± 0. 8 rmn· l, 
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Figure 5 - Retained austenite transformation on tempering. 
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(b) 
Figure 8 - White and dark etching martensite in specimens tempered: 
(a) 150°C (302°F) for 10 minutes; and 
(b) 225°C (437°F) for 5 hours; 
2% nital etch. 532X. 
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Figure 9 - White and dark etching martensite in an Fe-l.2C sample deformed by a Brale indentor with a 150 kg load and 
tempered for 1 hour at 200°C (392°F). 2% nital etch. lOOX. 
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~) 
~) 
Figure 10 - Martensite plates in (a) deformed region adjacent to the hardnesa indentation, and (b) in undeformed region away from the i ndenta-tion. Scanning electron micrographs. 2% nital etch. 9000X. 
~) 
Figure 11 - Surface relief formed on tempering at 200°c (392°F) for 30 minutes. No etch. 274X. 
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~) (b) 
Figure 12 - Surf~ce relief on sample polished. etched in 2% nital. and tempe r e d 30 minutes at 200°C (392°F). (a) 274X. (b) 684X. 
Figure 13 - Surface relief formed on tempering for 4\ additional 
hours at 200°C (392°F) after polishing away the relief 
shown in Figure 10. No etch. 274X. 
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(a) 
(c) (d) 
Figure 14 - Hot stage surface re lief sequence ii.t 200°C (392°F). No 
etch. 274X. (a) As-quenched; (b) 10 minutes; (c) 60 minutes; (d) 60 minutjiS followed by a water quench to 25 ± 1 °C (77 ± 2°F). · 
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Figure 15 • General structure of rnartensite and austenite tempered 
for 30 minutes at 200°C (392°F). Transmission electron 
micrograph. 6700X. 
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(b) 
Figure 16 - Microcracks in sample tempered for 5 hours at 225°C (437°F). Transmission electron micrographs. (a) 6700X. (b) 14, 800X. 
so 
~) 
Figure 17 - Transmission electron micrographs. 
(a) Plate impingement with grain boundary and resulting 
microcrack. Tempered 30 minutes at 200°C (392°F). 10,BOOX. 
(b) Plate impingement with no crack. Tempered 2 hours 
at 200°c (392°F). 15,lOOX. 
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~) 
Figure 18 - Transmission electron micrographs of sample tempered 5 hours at 225°C (437°F). 6700X. 
(a) Lath martensite. 
(b) Lath and plate martensite. 
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Figure 19 - Lath martensite in a sample tempered 5 hours at 225°C (437°F). Transmission electron micrograph. 8700X. 
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Figure 20 - Martensite with fine precipitates and retained austenite 
in a sample tempered 30 minutes at 200°C (392°F). 
Transmission electron micrograph. 49,200X. 
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(b) 
Figure 21 - Fine ~-carbide precipitates and dislocation structure in 
sample tempered for 30 minutes at 200°C (392°F). Trans-
mission electron micrographs. 
(a) 67 ,some. 
(h) 12s,oomc. 
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(b) 
Figure 22 - Well-developed ~-carbide structure in a martensite plate 
tempered for 2 hours at 200°C (392°F). Transmission 
electron micrographs. 
(a) 125, OOOX. 
(b) 148,000X . 
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Figure 23 - Electron diffraction pattern of Figure 22b indicating 
the presence of martensite and ~-carbide. 
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Figure 24 - Initial transformation of retained austenite in a sample 
tempered for 2 hours at 200°C (392°F). Arrow indicates 
transformation product. Transmission electron micro-graph. 26,200X. 
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Figure 25 - Triangular area of transformation product in a sample 
tempered for 15 hours at 200°C (392°F). Transmission 
electron micrograph. 59,000X. 
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Figure 26 - Electron diffraction pattern of triangular area of 
Figure 25 indicating the presence of ferrite and 
cernentite. 
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(b) 
Figure 27 - Upper bainitic transformation product. Transmission 
electron micrographs. 82,000X.. 
(a) Bright field of ferrite and cementite. 
(b) Dark field of twin-related ferrite lath obtained 
from (011) ferrite spot. 
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Figure 28 - Electron diffraction pattern from area shown in Figure 27a indicating the presence of twin related f_errite. 
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r 
Figure 29 - Well-developed cementite in sample tempered for 5 hours 
at 225°C (437°F). Transmission electron micrograph. 
34,SOOX. 
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~) 
~) 
Figure 30 - Transmission electron micrographs of a sample tempered for 5 hours at 225°C (437°F). 82,000X. 
(a) Bright field of martensite and cementite. 
(b) Dark field from (2iO) cementite spot. 
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Figure 31 - Electron diffraction pattern from Figure 30a indicating 
the presence of martensite and cementite. 
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Figure 32 - The effect of tempering on microcrack severity and the transformation of retained austenite. 
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Figure 3~ - The effect of the transformation of retained austenite on micro-crack severity. 
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